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Abstract
Introduction
In acute care medicine, knowledge of the underlying (patho)-physiology is of paramount
importance. This may be especially relevant in intensive care medicine, where individual
competence and proficiency greatly depend on knowledge and understanding of critical
care physiology. In settings with time constraints such as intensive care units (ICUs), time
allotted to education is often limited. We evaluated whether introduction of a short, interac-
tive, peer-led flipped classroom session is feasible and can provide ICU residents with a bet-
ter understanding of critical care physiology.
Materials and methods
Using the flipped classroom concept, we developed a 15-minute peer-led interactive “physi-
ology education” session to introduce a total of 44 residents to critical care physiology.
Using a nine-item electronic survey with open questions and a five-point Likert scale, we
analysed the overall concept with regard to feasibility, motivation, and subjective learning of
critical care physiology.
Results
The overall rate of response to the survey was 70.5% (31/44). The residents reported that
these sessions sparked their interest (p = 0.005, Chi square 10.52), and that discussion and
interaction during these sessions had promoted their knowledge and understanding. Both
novice and experienced residents reported that new knowledge was imparted (both
p<0.0001, Chi-square 32.97 and 25.04, respectively).
Conclusions
In an environment with time constraints such as the ICU, a 15-minute, interactive, peer-led
flipped classroom teaching session was considered feasible and generally appeared useful
for teaching critical care physiology to ICU residents. Responses to questions on
PLOS ONE | https://doi.org/10.1371/journal.pone.0228257 January 24, 2020 1 / 12
a1111111111
a1111111111
a1111111111
a1111111111
a1111111111
OPEN ACCESS
Citation: Zante B, Hautz WE, Schefold JC (2020)
Physiology education for intensive care medicine
residents: A 15-minute interactive peer-led flipped
classroom session. PLoS ONE 15(1): e0228257.
https://doi.org/10.1371/journal.pone.0228257
Editor: Federico Bilotta, University of Rome ’La
Sapienza’, ITALY
Received: June 2, 2019
Accepted: January 12, 2020
Published: January 24, 2020
Copyright: © 2020 Zante et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: All relevant data are
within the manuscript.
Funding: The authors received no specific funding
for this work.
Competing interests: The authors have declared
that no competing interests exist.
s
o
u
r
c
e
:
 
ht
tp
s:
//
do
i.
or
g/
10
.7
89
2/
bo
ri
s.
13
95
53
 
| 
do
wn
lo
ad
ed
: 
16
.3
.2
02
0
questionnaires indicated that teaching sessions sparked interest and increased motivation.
This approach may theoretically induce a modification in professional behaviour and pro-
mote self-directed learning. We therefore support the use of peer-led flipped classroom
training sessions in the ICU. Whether these sessions result in improved ICU care should be
addressed in subsequent studies.
Introduction
In intensive care medicine, knowledge of underlying (patho)-physiology is of paramount
importance. Further, an understanding of the physiological consequences of therapeutic inter-
ventions appears to be crucial, as proposed by Scribonius Largus around 47 AD in the princi-
ple “primum non nocere”, and Jean-Louis Vincent calling for “. . . just good medicine, made on
the basis of well-known physiology” [1] in 2018. Thus, individual competence and proficiency
in critical care may depend greatly on a doctor’s knowledge and understanding of critical care
physiology.
Medical physiology is challenging to learn and teach [2–4]. Unfamiliarity with physiology
may cause residents to struggle with learning new content [5], and limited prior knowledge of
physiology may explain their difficulty to assimilate new knowledge [6]. The subsequent
increased cognitive load of this new knowledge, combined with no or limited connection to
pre-existing knowledge, may reduce the effectiveness of curricula or lectures [7, 8]. Addition-
ally, many physiology topics may be regarded as specific to intensive care medicine [9, 10] and
are often not included in curricula in medical schools [11]. When time is limited, education
may also compete with clinical work and administrative responsibilities (e.g., documentation)
[12]. In the ICU, clinical instructors are thus often confronted with the challenge of providing
high-quality urgent medical treatment in addition to effective teaching. Novel approaches in
the ICU thus require improved learning strategies [13, 14].
Conceptual framework of peer teaching
Several different perspectives on peer teaching were identified: first, the cognitive and meta-
cognitive level, and second, the affective motivational level of learning (student, teachers) [15].
Learning is defined as extension of existing knowledge, modification of cognitive schemes,
and adjustment for adequacy and efficiency. Teaching aims to support all of these. It was pos-
tulated that a semantic network close to that of the learner (referred to as “cognitive congru-
ence”) has a positive impact on understanding of needs and make learning more effective [16,
17].
Educational psychology demonstrates that learning is optimised if the distance between the
already known/understood and the new learning content is selected well [18]. Peers may per-
ceive this distance more accurately than experts, who may have misconceptions with regard to
learners’ needs and may misunderstand learners’ cognitive difficulties in incorporating new
information [19]. Moreover, peer-led teaching may motivate learning due to social congruence,
which stimulates younger learners who are taught by their peers [20] and may be beneficial in
fostering the learning of all peers [21]. The interactive setting and discussion may encourage
residents to study particular topics in more detail and may help them develop more interest in
the physiology-related content, especially in cases of diverse background knowledge [22].
In preparing to use a cognitive strategy, the peer serving as teacher determines his/her own
goals and priorities. Based on the discovery theory of learning, this personal goal-setting is
important for learning effects [23]. In the phase of presentation, verbalisation, recitation, and
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interaction with peers are known as important factors for learning [24]. Role theory explains
how feelings and behaviour influence each other [25] and peer-teacher can foster their self-
confidence. In addition, peer-teacher benefit from their own teaching [26].
Conceptual framework of the flipped classroom
The flipped classroom concept reverses the traditional elements of a lecture. Learners are first
introduced to the learning content and afterwards in the face-to-face time during the session
they have the opportunity to apply this new knowledge and to engage in critical thinking.
Based on the andragogy theory of learning, adult learning involves six principles: 1) the need
to know and understand the benefits of learning, 2) the concept of individualised learning, 3)
readiness to learn, 4) the need for applicable and relevant content, 5) pre-existing knowledge,
and 6) motivation to learn [27]. Adult learners take responsibility for personal learning if they
are motivated [28]. Hence, active learning as required in the flipped classroom concept may
motivate the residents and fulfil their educational needs. Ideally, new knowledge is connected
to pre-existing knowledge [29]. The constructivism theory defines the learner as the creator of
his own knowledge based on pre-existing knowledge, and fosters this learning through social
interaction [30]. Even in situations of dissonance, when a problem cannot be solved due to
lack of prior knowledge, self-directed learning and reflective processes may help a learner to
gain new knowledge and adapt existing knowledge [31]. Hence, the flipped classroom
approach allows students to vary the amount of time needed for learning, determined by their
needs and previous subject knowledge.
The aim of this investigation was to analyse a novel educational concept. We evaluated
whether it is feasible to use a short, interactive, peer-led flipped classroom session to help ICU
residents understand critical care physiology.
Materials and methods
Participants
Participants in the “physiology education” program were residents in a tertiary care academic
hospital. Approximately 6,500 patients are treated per year in our multidisciplinary Depart-
ment of Intensive Care Medicine, which comprises 37 intensive care and 20 intermediate care
beds. Patients with all types of organ failures, multi-organ failure, including extracorporeal
membrane oxygenation (ECMO) are treated.
The residents in our study came primarily from internal medicine (INT), neurology
(NEU), neurosurgery (NCH), and visceral surgery (VS) and worked in our department for six
month. Anaesthesiology (AN) residents typically serve for 6 to 12 months, and residents study-
ing intensive care medicine (ICU) typically have more than 12 months of training in our
department. Residents without specialisation in intensive care medicine were defined as novice
residents, while residents who were being trained in intensive care medicine were defined as
experienced residents. This variety provided an opportunity to foster learning in a peer-taught
setting based on a corresponding framework. Over a period of 6 months, 44 residents partici-
pated in “physiology education” sessions and were invited to participate in a voluntary survey.
Educational concepts: Learning objectives
Learning objectives of the “physiology education” programme embraced both basic physiology
concepts and specific critical care physiology considered highly relevant for daily ICU work.
Peer-reviewed articles from top-ranked medical journals provided an overview of (patho)-
physiologic topics. (Key examples of a total of 50 topics are provided in Table 1).
Physiology education in intensive care medicine
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Educational concepts: Design and setting
In the monthly departmental educational leaflet, bi-weekly “physiology education” was
announced. The curriculum coordinator sent each week’s article to the pee-teacher.–All medi-
cal ICU staff (residents, registrars, consultants) received the article 5–7 days before teaching
sessions, as based on the flipped classroom concept. According to this concept, faculty pre-
pared learning material individually prior to the session. The peer-teacher prepared the session
and was responsible for presentation of the article. During each session, time was used to dis-
cuss remaining questions, clarify concepts, and trigger critical thinking [44]. Attending consul-
tants and registrars provided more detailed explanations triggered by the learners’ questions.
This approach seemed useful to provide our “novice” residents with basic knowledge of physi-
ology (Fig 1). Often, these novice residents were given a perspective extending beyond their
own knowledge of physiology. More experienced residents had the opportunity to deepen
their understanding of physiology in discussions, with explanations provided by expert attend-
ing consultants [29, 45]. Due to the time constraints in the ICU, a short and compact teaching
session (15 minutes) was chosen.
9-item online survey
Participating ICU residents (observational period from March to December 2018) received an
electronic link to a nine-item online survey. Participation was voluntary and anonymous. The
survey dealt with the feasibility of the general concept, potential gains in knowledge, effective-
ness, encouraging potential, and assessment of complexity. A 5-point Likert scale (1 = “totally
agree”, 3 =“neutral” and 5 = “totally disagree”) (Table 2) was chosen. In addition, all partici-
pants could suggest changes. Background of the medical professionals and their amount of
experience in intensive care medicine was noted.
Statistical analysis
A descriptive analysis was deliberately aimed for. Statistical analysis was performed using R
Version 3.4.4 (R Foundation for Statistical Computing, Vienna, Austria). A one-way chi-
square test proposing the null hypothesis of equal frequencies for positive (“totally agree” and
“agree” categories) and neutral and negative (“Disagree” and “Totally disagree”) responses on
the 5-point Likert scale was used. A p value <0.05 was considered significant.
Table 1. Examples of critical care physiology topics.
Hypoxaemia due to increased venous admixture–influence of cardiac output on oxygenation [32]
The role of venous return in critical illness and shock–part I. Physiology [33]
Bench-to-bedside review–carbon dioxide [34]
Serum chloride levels in critical illness–the hidden story [35]
Microcirculatory dysfunction in sepsis pathophysiology, clinical monitoring, and potential therapies [36]
Use of ScvO2 to guide therapy [37]
Bench-to-bedside review: an approach to hemodynamic monitoring–Guyton at the bedside [38]
Hemodynamic consequences of severe lactic acidosis in shock states–from bench to bedside [39]
Pulmonary capillary pressure [40]
Red blood cell rheology in sepsis [41]
Understanding wasted/ineffective efforts in mechanically ventilated COPD patients using the Campbell diagram
[42]
Heart failure and kidney dysfunction: epidemiology, mechanisms and management [43]
https://doi.org/10.1371/journal.pone.0228257.t001
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Results
Forty-four residents working in our multidisciplinary ICU were invited to participate in the
electronic survey. The overall response rate was 70.5% (31/44). Residents’ primary medical
background was anaesthesia (n = 5; 17.9%), internal medicine (n = 9; 28.6%) visceral surgery
(n = 4; 14.3%), neurology (n = 1; 3.6%), ICU residents in training (n = 9; 28.6%), and other dis-
ciplines (n = 2; 7.1%). Data were missing for one participant. The amount of experience in the
field of intensive care medicine was�6 months for 50% (n = 15), between 7 and 12 months for
Fig 1. Setting of the peer-led flipped classroom concept. 1. Education coordinator sends article to peer-teacher, 2. Faculty members prepare learning material
individually prior to the session. 3. Peer teaching during the session. 4. Interactive peer-led discussion is held to answer remaining questions, clarify concepts, and
trigger critical thinking.
https://doi.org/10.1371/journal.pone.0228257.g001
Table 2. Survey questions using a 5-point Likert scale.
1. I have learned something new in the “Physiology education” session
2. I already knew something about the topics, but I learned something extra
3. I can apply the knowledge in daily practice
4. The complexity of the topics was appropriate
5. The “Physiology education” session has sparked my interest in the presented topics
6. The duration of the “Physiology education” session was appropriate
7. The discussion and interaction promoted my knowledge and understanding
8. The topics were presented at the right level
9. The “Physiology education” session is valuable
https://doi.org/10.1371/journal.pone.0228257.t002
Physiology education in intensive care medicine
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13.3% (n = 4), and>12 months for 36.7% (n = 11), with missing data for one participant.
Fourteen (45.2%) of the participating residents presented a physiology topic in the role of peer
teacher in the “physiology education” programme.
9-item questionnaire results
Responses are given in Table 3 (plotted for distribution, frequency, percentage, median, p
value and chi-square value). Questions 4, 6 and 8 referred to whether the teaching concept and
topics were appropriate. In the analysis of question 4 (“The complexity of the topics was appro-
priate”), the distribution of responses on the Likert scale was significantly different. Analysis of
question 6 (“The duration of the Physiology education session was appropriate”) and question
8 (“The topics were presented at the right level”) showed a significant difference in the distri-
bution of responses on the Likert scale. Questions 1–3, 5 and 7 were intended to verify whether
the “Physiology education” was encouraging to deal with ICU-physiology. For question one
(“I have learned something new in the “Physiology education” session), question two (“I
already knew something about the topics, but I learned something extra”), and question three
(“I can apply the knowledge in daily practice”), distribution of responses on the Likert scale
was significantly different. In novice residents, new knowledge was created (p<0.0001; Chi-
square 32.97), and in experienced residents, additional knowledge was gained (p<0.0001, Chi-
square value 25.04). In the analysis of responses to question five (“The “Physiology education”
session has sparked my interest in the presented topics”), question seven (“The discussion
and interaction promoted my knowledge and understanding”), and question nine (“The
Table 3. 9-item questionnaire results.
Completely
agree
1
Agree
2
Neutral
3
Disagree
4
Completely
disagree
5
% % % % % Responses
N
Median Interquartile
range
p value Chi square
value
I have learned something new in the
“Physiology education” session
25.81
(n = 8)
54.84
(n = 17)
19.35
(n = 6)
- - 31 2.0 0.75 <0.0001 32.97
I already knew something about the
topics, but I learned something extra
16.13
(n = 5)
58.06
(n = 18)
22.58
(n = 7)
3.23
(n = 1)
- 31 2.0 0.75 <0.0001 25.03
I can apply the knowledge in daily
practice
6.45
(n = 2)
61.29
(n = 19)
16.13
(n = 5)
16.13
(n = 5)
- 31 2.0 1.0 0.0003 16.52
The complexity of the topics was
appropriate
19.36
(n = 6)
35.48
(n = 11)
16.13
(n = 5)
22.58
(n = 7)
6.45
(n = 2)
31 2.0 2.0 0.03 7.23
The “Physiology education” session
has sparked my interest in the
presented topics
12.9
(n = 4)
38.71
(n = 12)
41.94
(n = 13)
6.45
(n = 2)
- 31 2.0 1.0 0.005 10.52
The duration of the “Physiology
education” session was appropriate
19.36
(n = 6)
67.74
(n = 21)
9.68
(n = 3)
3.23
(n = 1)
- 31 2.0 0.0 <0.0001 40.52
The discussion and interaction
promoted my knowledge and
understanding
16.13
(n = 5)
51.61
(n = 16)
22.58
(n = 7)
9.68
(n = 3)
- 31 2.0 1.0 0.0002 17.29
The topics were presented at the
right level
12.9
(n = 4)
48.39
(n = 15)
25.81
(n = 8)
12.9
(n = 4)
- 31 2.0 1.0 0.003 11.68
The “Physiology education” session
is valuable
38.71
(n = 12)
35.48
(n = 11)
19.36
(n = 6)
6.45
(n = 2)
- 31 2.0 1.75 <0.0001 24.07
Average percentage 18.64 50.18 21.51 8.96 0.72
Responses were given as frequencies and percentages, computing one-way chi-square test under the null hypothesis of equal frequencies for positive (“totally agree”,
“agree”) and neutral and negative (“disagree”, “totally disagree”) responses on the 5-point Likert scale
https://doi.org/10.1371/journal.pone.0228257.t003
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“Physiology education” session is valuable”), the distribution of responses on the Likert scale
was significantly different.
Open questionnaire questions
Seventeen residents (54.84%) responded to the open question “How can we improve the physi-
ology education sessions?” (Table 4). They addressed five aspects. First, the frequency of possi-
ble participation was considered to be too low due to shift work. In general, offering more
sessions was suggested. Second, for the interactive part involving more experienced consul-
tants and registrars, it was noted that the level of discussion and interactive performance
depended on which ICU consultants and registrars participated. Third, additional bedside
teaching concepts were proposed to complement physiology sessions in a practical format.
Further, problem-based learning and case-based learning were proposed. Fourth, several com-
ments addressed the complexity of the topic. Some participants remarked that the participat-
ing residents started at different knowledge levels. Fifth, prolonging “physiology education”
sessions was proposed.
Discussion
We observed that performing a 15-minute session aiming to teach critical care physiology was
feasible in the ICU. Further, it appeared to have favourable effects on learning in ICU residents
and may also have sparked interest in critical care physiology.
In the present survey, it appeared that the heterogeneity of participating ICU residents,
given their different background education, made selection of suitable articles challenging. In
particular, it seemed challenging to anticipate how much they already knew about the topics in
an effort to prevent under- or overestimation of background knowledge [46, 47]. Responses to
questions and some written comments addressed the appropriateness of topics and presenta-
tions, as well as revealing some evidence for a misconception of background knowledge in res-
idents. However, the “physiology education” sessions overall were judged to be valuable, and
residents reported that they learned new medical concepts. Importantly, in the questionnaire,
learning effects were only measured by self-assessment, with all its inherent limitations [48].
On the other hand, in the subjective self-reported assessments, teaching sessions appeared to
Table 4. Sample responses to the question “How can we improve the physiology education sessions?”.
1. . . . better to make a short presentation by one of the consultants/registrars. . .”
2. “The session per se is a great thing! The problem is more that in 6 months I was able to participate only twice (due
to shift work, compensation).”
3. “Topics are often too complex. It would be much easier if the residents were able to choose the topics by
themselves and would be more practice-relevant in terms of skills training.”
4. “More discussion at the end with consultants and registrars. The session is enhanced by the presence of certain
consultants!”
5. “More basics, then into the depth of the topic, because residents start at a different level”
6. “Do not use [published] papers for preparation, but rather basic physiology books or intensive care medical
books. As problem-based learning. Take some more time, e.g. 30 min”
7. “Mostly the session consists of a presentation. Discussions would be desirable, but hardly occur. At the end of the
presentation discuss an imaginary case . . .”
8. “Level may sometimes be a bit higher. Discussion should be sought more actively, with question slides at the end”
9. “more practical relevance”
10. “I think the session is good, and it is meaningful that the topics are selected according to the education-level of
the lecturer”
11. “Session in the morning. Preferably right after the handover from the nightshift”
https://doi.org/10.1371/journal.pone.0228257.t004
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spark the interest of residents and likely increased intrinsic motivation. This motivation,
enjoyment, and inherent satisfaction may be key to promoting intrinsic motivation in medical
education [49]. Further, it may theoretically initialize and inspire further self-directed learning
[50, 51] and increase performance [52, 53], even with short teaching sessions. Importantly,
given the limited time available, it seemed crucial that the presentations were clear, meaning-
ful, and enjoyable. Hence, interactive sessions seemed to enhance learners’ motivation as well
as engagement–which was previously shown to increase performance [22, 54].
Some participants proposed more frequent sessions. Initially, we implemented sessions on
a bi-weekly basis. After completion of the analysis presented here, a weekly session was chosen,
as a relevant proportion of the residents could not participate in all sessions due to shift work.
Further, written comments suggested that interaction and discussion may have been influ-
enced by participating consultants and registrars. Indeed, a teacher’s ability to teach, his/her
interpersonal skills, and his/her personal/professional abilities may influence learners’ prefer-
ence for that teacher [55]. Moreover, the subject-specific enthusiasm teachers convey may
directly relate to learners’ performance [56]. Finally, the interaction between teachers them-
selves, as well as between learners, and the organisation may influence motivation [57].
The third aspect of the written comments was the proposal that sessions on physiology take
place at the bedside, but a lack of suitable patients could make this difficult. Critical care
patients usually have complex problems, with multiple instances of (patho-) physiological dys-
function. This could present residents with additional cognitive load [7, 8]. Case-based and
problem-based learning were also proposed. However, despite the advantages of a patient-cen-
tred approach to learning physiology [58, 59], we decided on a teaching format that used a pre-
sentation focused on one specific topic to ensure a systematic curriculum independent of
actual patients.
Limitations
Our analysis has important limitations. In general, all limitations inherent to self-assessment
must be considered when interpreting our findings [48]. However, self-assessment may be the
only methodological approach useful in assessing whether participants subjectively judged the
sessions useful, whether participants were satisfied with the learning content, and whether new
information was acquired. Based on Kirkpatrick’s framework of training evaluation with this
educational concept of a 15-minute “physiology education” session residents gained satisfac-
tion (Level one of Kirkpatrick’s framework). However, reliable assessment of newly acquired
knowledge (Level two of Kirkpatrick’s framework) cannot be performed here. To demonstrate
newly acquired knowledge, either a pre-post test or a comparison to another educational
modality would have been necessary. However, both are technically demanding and were not
available for this investigation. Nevertheless, residents increased interest likely increased moti-
vation, enjoyment, and inherent satisfaction, which may theoretically lead to a modification in
behaviour (Level three of Kirkpatrick’s framework) and might promote intrinsic motivation.
Second, our survey did not distinguish between different levels of previous experience (i.e.,
years of previous training) after graduation, or take into account differences in age and/or gen-
der. However, it appears that knowledge (e.g., acquired as a medical student) may not neces-
sarily be affected by the amount of time that has passed since graduation [60]. Also, a
fundamental aspect of medical education appears to be the diversity of pre-existing require-
ments, with differences in situational conditions/settings especially relevant in complex envi-
ronments [61]. Differences between educational settings, teacher-student interaction may
affect medical educational research, which aims to bring forth clear, meaningful, and thus gen-
eralizable findings [62].
Physiology education in intensive care medicine
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Third, and most importantly, we present observations and cannot conclusively identify the
causes of relationships. Due to the shift work on the ICU, residents’ ability to participate was
often limited. This may have influenced the results of the assessment. Furthermore, the sample
size was limited. And importantly, we are unable to provide objective data on the effects of the
teaching sessions and are unable to conclude that such teaching sessions directly resulted in
improved ICU care. Nevertheless, our observations imply that teaching of physiology is feasi-
ble, and our data may support the design of interventional studies aiming to collect such objec-
tive data.
Fourth, in line with the limitations mentioned above, our statistical analysis can only be
considered of supportive nature, and, in light of the limited number of participants, must be
interpreted with caution.
Conclusions
In an environment with time constraints such as the ICU, a 15-minute interactive peer-led
flipped classroom teaching session was considered feasible and generally appeared useful for
teaching critical care physiology to ICU residents. Self-reported questionnaire data indicated
that teaching sessions sparked interest and increased motivation. This may theoretically induce
a modification in professional behaviour and might have promoted self-directed learning. We
therefore support use of the respective teaching format in the ICU. Whether such teaching ses-
sions will result in improved ICU care remains to be elucidated in subsequent studies.
Acknowledgments
We thank Johanna Buechel, MD, MME, for advice and critical review of the manuscript. We
also thank Irina Irincheeva, PhD, from the Clinical Trials Unit (CTU) Bern for expert statisti-
cal advice.
Author Contributions
Conceptualization: Bjoern Zante.
Data curation: Bjoern Zante, Joerg C. Schefold.
Formal analysis: Bjoern Zante, Joerg C. Schefold.
Methodology: Bjoern Zante, Wolf E. Hautz, Joerg C. Schefold.
Project administration: Bjoern Zante.
Software: Bjoern Zante.
Supervision: Wolf E. Hautz, Joerg C. Schefold.
Validation: Bjoern Zante.
Visualization: Bjoern Zante.
Writing – original draft: Bjoern Zante, Wolf E. Hautz, Joerg C. Schefold.
Writing – review & editing: Bjoern Zante, Wolf E. Hautz, Joerg C. Schefold.
References
1. Vincent J-L, De Backer D. From Early Goal-Directed Therapy to Late(r) Scvo2 Checks. Chest. 2018;
154(6):1267–9. https://doi.org/10.1016/j.chest.2018.07.020 PMID: 30526962
2. Sefton AJ. Charting a global future for education in physiology. Advances in physiology education.
2005; 29(4):189–93. https://doi.org/10.1152/advan.00001.2005 PMID: 16298954.
Physiology education in intensive care medicine
PLOS ONE | https://doi.org/10.1371/journal.pone.0228257 January 24, 2020 9 / 12
3. Smits PB, Verbeek JH, Nauta MC, Ten Cate TJ, Metz JC, van Dijk FJ. Factors predictive of successful
learning in postgraduate medical education. Medical education. 2004; 38(7):758–66. https://doi.org/10.
1111/j.1365-2929.2004.01846.x PMID: 15200400.
4. Legan SJ. Multiple-format sessions for teaching endocrine physiology. Advances in physiology educa-
tion. 2001; 25(1–4):228–32. https://doi.org/10.1152/advances.2001.25.4.228 PMID: 11824203.
5. Colthorpe KL, Abe H, Ainscough L. How do students deal with difficult physiological knowledge?
Advances in physiology education. 2018; 42(4):555–64. Epub 2018/09/08. https://doi.org/10.1152/
advan.00102.2018 PMID: 30192189.
6. Michael J. What makes physiology hard for students to learn? Results of a faculty survey. Advances in
physiology education. 2007; 31(1):34–40. Epub 2007/03/01. https://doi.org/10.1152/advan.00057.2006
PMID: 17327580.
7. Qiao YQ, Shen J, Liang X, Ding S, Chen FY, Shao L, et al. Using cognitive theory to facilitate medical
education. BMC medical education. 2014; 14:79. Epub 2014/04/16. https://doi.org/10.1186/1472-6920-
14-79 PMID: 24731433; PubMed Central PMCID: PMC3989791.
8. Young JQ, Van Merrienboer J, Durning S, Ten Cate O. Cognitive Load Theory: implications for medical
education: AMEE Guide No. 86. Medical teacher. 2014; 36(5):371–84. Epub 2014/03/07. https://doi.
org/10.3109/0142159X.2014.889290 PMID: 24593808.
9. von Anrep G. On the part played by the suprarenals in the normal vascular reactions of the body. The
Journal of physiology. 1912; 45(5):307–17. https://doi.org/10.1113/jphysiol.1912.sp001553 PMID:
16993158.
10. Beard DA, Feigl EO. Understanding Guyton’s venous return curves. American journal of physiology
Heart and circulatory physiology. 2011; 301(3):H629–33. Epub 2011/06/15. https://doi.org/10.1152/
ajpheart.00228.2011 PMID: 21666119; PubMed Central PMCID: PMC3191500.
11. Sunagawa K. Guyton’s venous return curves should be taught at medical schools (complete English
translation of Japanese version). The journal of physiological sciences: JPS. 2017; 67(4):447–58. Epub
2017/03/30. https://doi.org/10.1007/s12576-017-0533-0 PMID: 28349325.
12. Joyce MF, Berg S, Bittner EA. Practical strategies for increasing efficiency and effectiveness in critical
care education. World J Crit Care Med. 2017; 6(1):1–12. https://doi.org/10.5492/wjccm.v6.i1.1 PMID:
28224102; PubMed Central PMCID: PMC5295164.
13. Tainter CR, Wong NL, Bittner EA. Innovative strategies in critical care education. J Crit Care. 2015; 30
(3):550–6. https://doi.org/10.1016/j.jcrc.2015.02.001 PMID: 25702843.
14. Croley WC, Rothenberg DM. Education of trainees in the intensive care unit. Crit Care Med. 2007; 35(2
Suppl):S117–21. https://doi.org/10.1097/01.CCM.0000252917.25301.18 PMID: 17242600.
15. Ten Cate O, Durning S. Dimensions and psychology of peer teaching in medical education. Medical
teacher. 2007; 29(6):546–52. Epub 2007/11/06. https://doi.org/10.1080/01421590701583816 PMID:
17978967.
16. Moust JHC, Schmidt HG. Facilitating small-group learning: A comparison of student and staff tutors’
behavior. Instructional Science. 1994; 22(4):287–301. https://doi.org/10.1007/BF00891782
17. Lockspeiser TM, O’Sullivan P, Teherani A, Muller J. Understanding the experience of being taught by
peers: the value of social and cognitive congruence. Advances in health sciences education: theory and
practice. 2008; 13(3):361–72. Epub 2006/11/25. https://doi.org/10.1007/s10459-006-9049-8 PMID:
17124627.
18. Vygotsky LS. Mind in society: The development of Higher Psychological Process. Cambridge, Mass:
Havard University Press; 1978.
19. Topping KJ. Trends in Peer Learning. Educational Psychology. 2005; 25(6):631–45. https://doi.org/10.
1080/01443410500345172
20. Sarbin TR. Cross-age tutoring and social identity. In: Allen VL, editor. Children as teachers. New York:
Academic Press; 1976.
21. Srivastava TK, Waghmare LS, Mishra VP, Rawekar AT, Quazi N, Jagzape AT. Peer Teaching to Foster
Learning in Physiology. Journal of clinical and diagnostic research: JCDR. 2015; 9(8):Jc01–6. Epub
2015/10/06. https://doi.org/10.7860/JCDR/2015/15018.6323 PMID: 26435969; PubMed Central
PMCID: PMC4576561.
22. Ernst H, Colthorpe K. The efficacy of interactive lecturing for students with diverse science back-
grounds. Advances in physiology education. 2007; 31(1):41–4. https://doi.org/10.1152/advan.00107.
2006 PMID: 17327581.
23. Bruner JS. The act of discovery. Havard Educ Rev. 1961; 31:21–32.
24. De Grave WS, Boshuizen HPA, Schmidt HG. Problem based learning: Cognitive and metacognitive
processes during problem analysis. Instructional Science. 1996; 24(5):321–41. https://doi.org/10.1007/
BF00118111
Physiology education in intensive care medicine
PLOS ONE | https://doi.org/10.1371/journal.pone.0228257 January 24, 2020 10 / 12
25. Allen RSF V. L. Children as Teachers. New York: Academic Press; 1976.
26. Ten Cate O, Durning S. Peer teaching in medical education: twelve reasons to move from theory to
practice. Medical teacher. 2007; 29(6):591–9. Epub 2007/10/09. https://doi.org/10.1080/
01421590701606799 PMID: 17922354.
27. Knowles EFH M.S., Swanson R.A. The Adult Learner: the Definitive Classic in Adult Education and
Human Resource Development. Seventh ed. Oxford, UK: Elsevier; 2011.
28. Wlodkowski RJ. Enhancing Adult Motivation to Learn: a Comprehensive Guide for Teaching All Adults.
Third ed. San Francisco, CA: Jossey-Bass; 2008.
29. Dennick R. Constructivism: reflections on twenty five years teaching the constructivist approach in med-
ical education. Int J Med Educ. 2016; 7:200–5. https://doi.org/10.5116/ijme.5763.de11 PMID:
27344115; PubMed Central PMCID: PMC4939219.
30. Brandon AF, All AC. Constructivism theory analysis and application to curricula. (1536–5026 (Print)).
31. Candela L. Theoretical foundations of teaching and learning. In: Billings DM, editor. Teaching in Nurs-
ing: a Guide for Faculty. Third ed. St. Louis, MO: Elsevier; 2015.
32. Takala J. Hypoxemia due to increased venous admixture: influence of cardiac output on oxygenation.
Intensive care medicine. 2007; 33(5):908–11. Epub 2007/03/08. https://doi.org/10.1007/s00134-007-
0546-x PMID: 17342520.
33. Funk DJ, Jacobsohn E, Kumar A. The role of venous return in critical illness and shock-part I: physiol-
ogy. Critical care medicine. 2013; 41(1):255–62. Epub 2012/12/28. https://doi.org/10.1097/CCM.
0b013e3182772ab6 PMID: 23269130.
34. Curley G, Laffey JG, Kavanagh BP. Bench-to-bedside review: carbon dioxide. Critical care (London,
England). 2010; 14(2):220. Epub 2010/05/26. https://doi.org/10.1186/cc8926 PMID: 20497620;
PubMed Central PMCID: PMC2887152.
35. Pfortmueller CA, Uehlinger D, von Haehling S, Schefold JC. Serum chloride levels in critical illness-the
hidden story. Intensive care medicine experimental. 2018; 6(1):10. https://doi.org/10.1186/s40635-018-
0174-5 PMID: 29654387; PubMed Central PMCID: PMC5899079.
36. Miranda M, Balarini M, Caixeta D, Bouskela E. Microcirculatory dysfunction in sepsis: pathophysiology,
clinical monitoring, and potential therapies. American journal of physiology Heart and circulatory physi-
ology. 2016; 311(1):H24–35. Epub 2016/04/24. https://doi.org/10.1152/ajpheart.00034.2016 PMID:
27106039.
37. Walley KR. Use of central venous oxygen saturation to guide therapy. American journal of respiratory
and critical care medicine. 2011; 184(5):514–20. Epub 2010/12/24. https://doi.org/10.1164/rccm.
201010-1584CI PMID: 21177882.
38. Magder S. Bench-to-bedside review: An approach to hemodynamic monitoring—Guyton at the bedside.
Critical care (London, England). 2012; 16(5):236. Epub 2012/10/31. https://doi.org/10.1186/cc11395
PMID: 23106914; PubMed Central PMCID: PMC3682240.
39. Kimmoun A, Novy E, Auchet T, Ducrocq N, Levy B. Hemodynamic consequences of severe lactic aci-
dosis in shock states: from bench to bedside. Critical care (London, England). 2015; 19:175. Epub
2015/04/19. https://doi.org/10.1186/s13054-015-0896-7 PMID: 25887061; PubMed Central PMCID:
PMC4391479.
40. Takala J. Pulmonary capillary pressure. Intensive care medicine. 2003; 29(6):890–3. Epub 2003/05/09.
https://doi.org/10.1007/s00134-003-1749-4 PMID: 12736776.
41. Piagnerelli M, Boudjeltia KZ, Vanhaeverbeek M, Vincent JL. Red blood cell rheology in sepsis. Intensive
care medicine. 2003; 29(7):1052–61. Epub 2003/06/13. https://doi.org/10.1007/s00134-003-1783-2
PMID: 12802488.
42. Vassilakopoulos T. Understanding wasted/ineffective efforts in mechanically ventilated COPD patients
using the Campbell diagram. Intensive care medicine. 2008; 34(7):1336–9. Epub 2008/04/05. https://
doi.org/10.1007/s00134-008-1095-7 PMID: 18389218.
43. Schefold JC, Filippatos G, Hasenfuss G, Anker SD, von Haehling S. Heart failure and kidney dysfunc-
tion: epidemiology, mechanisms and management. Nature reviews Nephrology. 2016; 12(10):610–23.
Epub 2016/08/31. https://doi.org/10.1038/nrneph.2016.113 PMID: 27573728.
44. Chen F, Lui AM, Martinelli SM. A systematic review of the effectiveness of flipped classrooms in medical
education. Medical education. 2017; 51(6):585–97. Epub 2017/05/11. https://doi.org/10.1111/medu.
13272 PMID: 28488303.
45. Prakash ES. Explicit constructivism: a missing link in ineffective lectures? Advances in physiology edu-
cation. 2010; 34(2):93–6. https://doi.org/10.1152/advan.00025.2010 PMID: 20522904.
46. Michael JA, Richardson D, Rovick A, Modell H, Bruce D, Horwitz B, et al. Undergraduate students’ mis-
conceptions about respiratory physiology. The American journal of physiology. 1999; 277(6 Pt 2):S127–
35. Epub 2000/01/22. https://doi.org/10.1152/advances.1999.277.6.S127 PMID: 10644238.
Physiology education in intensive care medicine
PLOS ONE | https://doi.org/10.1371/journal.pone.0228257 January 24, 2020 11 / 12
47. Rovick AA, Michael JA, Modell HI, Bruce DS, Horwitz B, Adamson T, et al. How accurate are our
assumptions about our students’ background knowledge? The American journal of physiology. 1999;
276(6 Pt 2):S93–101. Epub 2005/10/08. https://doi.org/10.1152/advances.1999.276.6.S93 PMID:
16211673.
48. Kruger J, Dunning D. Unskilled and unaware of it: how difficulties in recognizing one’s own incompe-
tence lead to inflated self-assessments. Journal of personality and social psychology. 1999; 77
(6):1121–34. Epub 2000/01/08. https://doi.org/10.1037//0022-3514.77.6.1121 PMID: 10626367.
49. Vansteenkiste M, Zhou M, Lens W, Soenens B. Experiences of Autonomy and Control Among Chinese
Learners: Vitalizing or Immobilizing? Journal of Educational Psychology. 2005; 97(3):468–83. https://
doi.org/10.1037/0022-0663.97.3.468
50. Orsini C, Evans P, Jerez O. How to encourage intrinsic motivation in the clinical teaching environment?:
a systematic review from the self-determination theory. Journal of educational evaluation for health pro-
fessions. 2015; 12:8. Epub 2015/04/10. https://doi.org/10.3352/jeehp.2015.12.8 PMID: 25855386;
PubMed Central PMCID: PMC4397857.
51. Cook DA, Artino AR Jr. Motivation to learn: an overview of contemporary theories. Medical education.
2016; 50(10):997–1014. Epub 2016/09/16. https://doi.org/10.1111/medu.13074 PMID: 27628718;
PubMed Central PMCID: PMC5113774.
52. Robbins SB, Lauver K, Le H, Davis D, Langley R, Carlstrom A. Do psychosocial and study skill factors
predict college outcomes? A meta-analysis. Psychological bulletin. 2004; 130(2):261–88. Epub 2004/
02/26. https://doi.org/10.1037/0033-2909.130.2.261 PMID: 14979772.
53. Kusurkar RA, Ten Cate TJ, van Asperen M, Croiset G. Motivation as an independent and a dependent
variable in medical education: a review of the literature. Medical teacher. 2011; 33(5):e242–62. Epub
2011/04/27. https://doi.org/10.3109/0142159X.2011.558539 PMID: 21517676.
54. Chen F, Lui AM, Martinelli SM. A systematic review of the effectiveness of flipped classrooms in medical
education. (1365–2923 (Electronic)).
55. Kiani Q, Umar S, Iqbal M. What do medical students expect in a teacher? The clinical teacher. 2014; 11
(3):203–8. Epub 2014/05/08. https://doi.org/10.1111/tct.12109 PMID: 24802922.
56. Mahler D, Grossschedl J, Harms U. Does motivation matter?—The relationship between teachers’ self-
efficacy and enthusiasm and students’ performance. PloS one. 2018; 13(11):e0207252. Epub 2018/11/
22. https://doi.org/10.1371/journal.pone.0207252 PMID: 30462713; PubMed Central PMCID:
PMC6248951.
57. Dybowski C, Harendza S. "Teaching is like nightshifts . . .": a focus group study on the teaching motiva-
tions of clinicians. Teaching and learning in medicine. 2014; 26(4):393–400. Epub 2014/10/16. https://
doi.org/10.1080/10401334.2014.910467 PMID: 25318036.
58. Vari RC, Borg KE, McCleary VL, McCormack JT, Ruit KG, Sukalski KA, et al. Endocrine physiology in a
patient-centered learning curriculum. Advances in physiology education. 2001; 25(1–4):241–8. https://
doi.org/10.1152/advances.2001.25.4.241 PMID: 11824205.
59. Dickinson BL, Lackey W, Sheakley M, Miller L, Jevert S, Shattuck B. Involving a real patient in the
design and implementation of case-based learning to engage learners. Advances in physiology educa-
tion. 2018; 42(1):118–22. https://doi.org/10.1152/advan.00174.2017 PMID: 29357269.
60. Custers EJ, Ten Cate OT. Very long-term retention of basic science knowledge in doctors after gradua-
tion. Medical education. 2011; 45(4):422–30. https://doi.org/10.1111/j.1365-2923.2010.03889.x PMID:
21401691.
61. Eva KW. Broadening the debate about quality in medical education research. Med Educ. 2009; 43
(4):294–6. Epub 2009/04/02. https://doi.org/10.1111/j.1365-2923.2009.03342.x PMID: 19335567.
62. Regehr G. It’s NOT rocket science: rethinking our metaphors for research in health professions educa-
tion. Med Educ. 2010; 44(1):31–9. Epub 2010/01/19. https://doi.org/10.1111/j.1365-2923.2009.03418.x
PMID: 20078754.
Physiology education in intensive care medicine
PLOS ONE | https://doi.org/10.1371/journal.pone.0228257 January 24, 2020 12 / 12
